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Abstract. We report the first direct photon velocity measurements for extragalactic
objects. A fiber-optic, photon time-of-flight instrument, optimized for relatively dim
sources (m 12), is used to measure the velocity of visible photons emanating from
galaxies and quasars. Lightspeed is found to be 3.00±0.03×108ms−1, and is invariant,
within experimental error, over the range of redshifts measured (0 ≤ z ≤ 1.33). This
measurement provides additional validation of Einsteins theory of General Relativity
(GR) and is consistent with the Friedmann-Lemaˆıtre-Robertson-Walker (FLRW)
metricl, as well as several alternative cosmological models, notably the hyperbolic
anti-de Sitter metric, though not with the pseudo-Euclidean de Sitter metric.
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1. Introduction
A basic tenet of relativity is the constancy of the measured speed of light, regardless of
the observers reference frame. This is so crucial to modern physics, that the speed of light
in vacuum, c0 = 2.99792458×108ms−1, besides being one of the most carefully measured
of the fundamental constants, is now defined to be exact [1] and related constants
scale accordingly. However, the vast majority of the published lightspeed measurements
have been made using photons that were produced within our Solar system, and, to
our knowledge, all published accounts have been based on photon sources within the
Milky Way Galaxy. [2, 3, 4, 5, 6]. Thus the photon travel distances and look-back
times for all previous light speed measurements have been negligible on the scale of the
universe. That is to say, the redshift, z, of the observed photons was effectively zero.
In astronomical observations, redshift, z = λobs/λemit − 1, is the measured increase in
the wavelength of a photon measured by an observer (λobs) relative to its wavelength
when it was emitted (λemit). Redshift is used as an observational proxy for distance,
which is an inconvenient quantity to measure directly for most astronomical objects.
No direct measurements of photon velocity from very distant, high-redshift sources have
been previously reported. We thus undertook to determine the velocity of photons cobs
originating from high-redshift, quasar sources. In this work we report measurements of
the photon velocity from sources at cosmologically significant distances, with redshifts
0 ≤ z ≤ 1.33. The intent was to test the invariance of light speed between different
relativistic reference frames and between current and earlier epochs of the universe. One
goal was to provide solid observational data intended to eliminate or support some of
the various hypotheses regarding variation in light speed as a fundamental constant.
A second goal was to provide data that might distinguish between some cosmological
models.
1.1. Light speed as a fundamental constant
Measuring the values of fundamental constants during earlier epochs probes for evolution
in physical law. Recently, there have been claims for [7, 8, 9] and against [10, 11]
temporal variation of the fine structure constant α = e2/4pi0h¯c , and for a small
variation of the proton-electron mass ratio µ = mp/me [12]. Furthermore, a great
deal of interest has also been focused on cosmological models with varying speed of
light to address the cosmological problems of flatness, horizon, and the cosmological
constant [13] or to avoid invoking inflation [14]. It has been suggested that arbitrary
light speed variations with time, c˙ (t) 6= 0 , may require breaking covariance or Lorentz
invariance [15], or violate charge conservation [16], though such objections need not
apply in models that contain particle horizons [17]. Some of the theories of current
interest, including quantum gravity [18] and string theory [19], incorporate spacetime
geometries with inherent event horizons, such as Schwarzchild [20], de Sitter [21] and
anti-de Sitter, or Brans-Dicke universes[22] , or even more complex constructs of those
geometries as subspaces within various brane topologies [23, 26]. Thus the question of
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variation of fundamental constants may be inextricably linked with the geometry of the
universe.
1.2. Light speed in cosmological models
The interpretation of the redshift is also dependent on the cosmological model one
adopts. In this context, one may pose the na¨ıve question that, if the wavelength of
light from redshifted objects is different from normal, might not other properties, such
as the photons velocity, be abnormal as well? The question of the speed of the light
emanating from redshifted objects may thus be either trivial or fundamental, depending
on ones point of view and degree of conviction in Einstein’s theory of General Relativity
(GR). Some may say that we know from GR that any measured lightspeed will be
constant, so measurement is futile and the result will be trivial. However, no amount of
theorizing can substitute for an actual measurement. The photon velocity question is
thus fundamental, given that lightspeed forms a basis for other measurements in GR. It
might also be argued that any measurement of photon velocity by a physical observer
will be local, and thereby not cosmologically relevant. However, such a measurement
would be neither more nor less local than the measurements of photon redshift.
1.2.1. FLRW Cosmology Currently, the most widely accepted model is described by
the Friedmann-Lemaˆıtre-Robertson-Walker (FLRW) metric, and is interpreted as an
expanding Hubble universe. In addition to its utility as an indicator of distance to the
photon source, the redshift also provides a look-back time, presuming that the relevant
cosmological parameters (e.g., H0, ΩM , ΩV , etc. for the FLRW metric) are known. The
speed of light is independent of redshift in the FLRW Hubble universe.
1.2.2. (anti-) de Sitter Cosmology A fundamental driving motivation for this research
stemmed from our observation that, assuming a redshift associated with a de Sitter (or
anti-de Sitter) universe, the distribution of objects intrinsic brightnesses is independent
of redshift [24, 25]. For those unfamiliar with de Sitter geometry, we briefly outline the
basic spacetime relationships and their significance. The de Sitter metric can be written
in a pseudo-Euclidean form [27]:
ds2 = −
(
1− r
2
R2
)−1
dr2 − r2
[
dψ2 + sin2 ψdθ2
]
+
(
1− r
2
R2
)
c2dt2 (1)
where s is the proper time, r is the pseudo-Euclidean radial coordinate, θ and ψ
are angular coordinates, t is the time coordinate, and R is the radius of curvature. This
implies a slowing of lightspeed with increasing redshift. However, the de Sitter metric
can also be written in a hyperbolic form:
ds2 =
−dh2 − R2 sinh2 h
R
[
dψ2 + sin2 ψdθ2
]
+ c2dt2
cosh2 h
R
(2)
Measured redshift invariance of photon velocity 4
where h is a hyperbolic distance coordinate. This implies constancy of lightspeed
at all distances in all directions [27].
2. Experimental
2.1. Instrumental Concept
In one common scheme for measuring lightspeed, the travel time for photons from a
chopped high-flux source is determined by extracting and detecting a fraction of the
photon stream when the light enters the transit delay, with the remainder detected
at the end of the delay. Another common method is to measure the transit time for
photons from a pulsed or modulated source to a detector. The former works well when
there are very large numbers of photons arriving in an essentially continuous (albeit
modulated) stream, while the latter works well when one can control the source output.
Both common strategies are essentially equivalent to measuring the velocity of a classical
object; photon flux changes are determined at two times and positions, and the velocity
dx/dt, can be calculated.
Neither of these schemes will work for timing the transits of a stream of relatively-
few randomly-arriving, single photons. Unfortunately, detection of a photon inherently
destroys the photon, since its energy is converted into electronic, vibrational, or nuclear
excitation. Detection is thus effectively a measurement of the photon momentum. This
poses problems because our ability to simultaneously measure the photons position
and momentum is limited by the Heisenberg Uncertainty Principle. In short, photon
detection precludes determining any velocity information for that photon. Moreover, if
we detected any given photon to know when it entered the delay loop, it would no longer
be available for detection at the end of the loop. As there is nothing in the literature on
speed of light measurement for guidance in measuring the velocities of single photons
arriving unpredictably, a new strategy was required.
A schematic diagram of our photon time-of-flight instrument is shown in Figure
1. Superficially, this instrument resembles common bench top equipment for measuring
lightspeed. The basic measurement consists of timing the travel for photons through
an optical fiber delay loop. However, the timing strategy and data collection algorithm
that enabled our successful observations of dim astronomical sources are not part of
typical lightspeed measurement. The distant astronomical sources that are the subject
of this study provide only a sparse stream of individual photons with unpredictable
arrival times.
To achieve the necessary measurements, we constructed a telescopic, dual-band,
photon time-of flight instrument based on a very high speed chopper and a fiber-optic
delay loop. One band was a high-flux, near-IR terrestrial source used to determine
the chopper transmission function and was used for system timing. The second band
was low-flux visible light from the astronomical sources; individual photon detection
events were co-added after passing through the chopper and the delay loop and used
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Figure 1. Schematic diagram of the photon time of flight instrument.
to synthesize a chopper transmission function so that an average velocity of the
astronomical photons could be determined. Separation of the bands was achieved by
selective transmission and by differences in the IR and visible detector sensitivities.
2.2. Telescope
Observations were made under moonless conditions at Manzanita Observatory located
at 32 ◦44’5.34”N, 116 ◦20’41.80”W, near Live Oak Springs, California, and operated by
the Tierra Astronomical Institute. The primary telescope was an equatorially mounted
1.22m Ritchey-Chrtien with a 15.24m focal length that had been optically reduced to
5.59m, making the telescope f/4.6.
2.3. Photon Time-of-Flight Instrument
As shown in Figure 1, the telescope field was focused onto a diagonal mirror that had
been diamond micro-drilled to accommodate insertion of an optical fiber. All fibers
were 400 µm multimode, with 0.22 numerical aperture; this fiber diameter was slightly
larger than our estimated seeing diameter of about 350µm. Guiding was accomplished
using the field of the diagonal, which was projected via a pair of infinity-corrected relay
lenses onto a CCD camera (SBIG ST-7). Since the carefully polished fiber end was in
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Table 1. Astronomical light sources observed
J2000 Coordinates
Object RA Dec m z
GSC 282:337 12h29m03.2s +02d03m18s 13.9 ∼0
3C273 12h29m06.7s +02d03m09s 12.86 0.15834
HB89 1718+481 17h19m38.2s +48d04m12s 15.33 1.084
HB89 1634+706 16h34m28.9s +70d31m33s 14.9 1.334
dark sky ∼17h19m35s ∼+48d05m00s ∼22-24 ∼0?
a non-reflective hole and was invisible to the guide camera when illuminated only by
light gathered from the telescope, the optimal location for the target objects light was
empirically determined by systematic search. To provide a chopper-timing signal (vide
supra), the fiber was simultaneously illuminated with a focused infrared laser source
(ML725B8F, Mitsubishi, 1310 nm, 10 mW) via an off-axis 30-60-90 prism that was
aluminized on the long leg. The IR laser was found to emit detectable numbers of
visible photons, which were eliminated by a long-pass filter (1100 nm cutoff, CVI Laser)
before the prism. Laser light reflected from the diagonal was prevented from reaching
the guide camera by a short-pass filter (1050 nm cutoff, Edmund Optics).
The collected target-object photons and the reference IR light were passed via the
input fiber to a free-space coupler (FSC), where it was expanded and recombined through
a co-linear collimation lens pair (Optics for Research) with a third collimation lens
perpendicular to the co-linear pair. The expanded beam diameter was approximately 4
mm. A mechanical optical chopper was placed within the FSC. The chopper consisted
of two counter-rotating slotted nickel wheels (1800 slots, 1:1 slot/tab ratio, Scitec, UK)
separated by approximately 1.5mm. The wheels were driven by high-speed, brushless
commutator motors (5-75 krpm, Stryker Instruments). These motors had negligible
starting torque and required an external starting mechanism; we used a DremelTM
tool fitted with a rubber wheel. External cooling was required for extended operation.
The wheels could be stably rotated up to 12 krpm, but were typically operated at
10 krpm, giving a chopping frequency, ν, of ca. 600 kHz. For safe operation, the
chopper/FSC assembly was placed in a polycarbonate enclosure, which was evacuated
to reduce aerodynamic perturbation of the wheels’ rotation. The chop frequency could
be measured independently using the signal from a chopped infrared light source and
a universal counter/timer (5334B Hewlett-Packard). During any given experiment, the
chop frequency was constant to within ±3 kHz. The high chop rate was required
to minimize attenuation due to the length of the fiber delay and to maximize the
detectability of any photon velocity changes by keeping the sampled time-domain short.
After chopping, the target visible light and the reference infrared light were separated
using a 45 ◦ hot-mirror (Edmund Optics). The chopped IR light beam was (mostly)
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deflected into the perpendicular collimating lens and refocused onto a 1 m fiber that lead
to a fast, amplified GaAs photodiode (TTI-525, Terahertz Technologies). The visible
light was (mostly) transmitted and refocused onto a 159 m fiber-optic delay loop that
ultimately illuminated a dry-ice cooled photomultiplier tube (PMT) (9865B, Thorn-
EMI) through a final collimating lens. Careful alignment and iterative optimization of
the FSC optics and hot mirror were essential to minimize attenuation of the target light.
The current pulse collected at the anode of the PMT was conditioned with a
preamplifier (Nuclear Data) and used to trigger a pulse generator (Stanford Research
Systems) acting as a fast discriminator. To eliminate stray light, the chopper enclosure,
the fiber delay housing, and the PMT housing were draped with several layers of
rubberized blackout fabric. The input fiber was surrounded with an opaque, flexible
shielding tube. The telescope attachment was constructed around the very rigid
Thorlabs cage system, and any gaps carefully sealed with blackout tape. This portion of
the apparatus can be readily mounted on nearly any telescope using common threaded
fittings (T-42 or SCT). The overall increase to the telescope back focus was about 115
mm. Because the photon arrival rate for the target objects (<104 Hz) is much lower
than the chop rate (>105 Hz), it was useful to have a secondary, high-flux IR timing
signal for determining the choppers transmissive state. Spectrally separating the two
signals assures that there is no crosstalk; the photocathode of the PMT is blind to
the 1310 nm IR light, while the photodiode is both insensitive and blind to the low-
intensity, visible target object light. The counter-rotation of the wheels results in a
precessing Moire´ diffraction pattern (from the overlapping slot arrays) that modulates
the beam at the chopper frequency. The Moire´ pattern is very sensitive to the slightest
manufacturing or alignment asymmetry. We found that the target light and the reference
timing light must pass through exactly the same spot on the wheels, at exactly the
same angle, to maintain the phase relationship between the target and reference beams.
The target beam and the reference beam must be collinear through the chopper, best
achieved in practice by merging the target visible light and the reference IR light at the
output of the telescope, where it enters the fiber. Our method is inherently attenuating;
only about 6% of the photon flux injected into the FSC/chopper assembly survives to
pass into the delay loop, which then attenuates the signal by an additional factor of
two. All unnecessary loss points, such as fiber-fiber couplings, have been eliminated.
Other chopping methods were also considered but were discarded as unsuitable from
the outset or after initial performance testing. Commercial microfabricated modulators
are generally too low frequency. Solid state modulators of sufficiently high frequency
do not provide adequate beam displacement. Other rapid modulations methods, such
as an electro-optic modulator, or Pockels cell, only operate over a narrow bandwidth,
and so are effectively even more attenuating that the current system for broad-band
emission sources.
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2.4. Detection algorithm and data analysis
The detection algorithm also merits some attention. Since timing signal cycles coincident
with a photon detection event occur only rarely, and the timing signal period (1.67 µs)
is much shorter than our oscilloscope trigger reset time (ca. 150 µs), it is most efficient
to have the oscilloscope trigger on a photon-arrival event, recorded as a (nearly) square
pulse with unit height and width twidth, and then determine its arrival time ∆ttrig relative
to a trigger point in the reference chop cycle. Co-adding a large number of n photon
events, including nobject events from the target object and ndark dark counts (originating
within the PMT) yields a synthetic waveform for the time-integrated PMT signal that
represents the probability function
Pn (t) =
1
nobject + ndark
(nobject∑
i=1
fi (t) +
ndark∑
i=1
fi (t)
)
(3)
comprising short (twidth ≤ 100 ns) pulses
fi (t) ≈ {1 for (t−∆ttrig) ≤ t ≤ (t−∆ttrig + twidth) ; 0 for all other t} (4)
The co-added nobject events are de facto weighted by the chopper transmission
function, and produce a modulated signal
fchop (t) ≈ cos2 (ν × (t+ ∆tsignal)) (5)
which is offset from the timing signal by the constant difference in signal
propagation times of the photodiode and photomultiplier detectors, ∆tsignal. In practice,
we measure differences in photon travel time using the synthetic PMT waveforms only,
and thereby effectively ignore the time offset in fchop(t). The ndark events occur randomly
and show no systematic time dependence within a single chop period, thus they co-
add to produce a broad square wave having a period of 1/ν. The signal-to-noise
ratio in this experiment is primarily governed by two factors: 1) the total number
of detection events, and 2) the relative rates of object and PMT-dark detection events
(dnobject/dt)/(dndark/dt). The precision of the measurements could be improved by
increasing the wheel rotation rate, increasing the density of slots (while proportionately
decreasing the separation between the wheels), or decreasing the attenuation. More
effective methods would be to increase the number of photon events by using a telescope
with larger aperture or integrating for longer times. Each approach will have its own
challenges.
3. Results and Discussion
The data in Fig. 2 illustrate the synthetic chopped waveforms used to calibrate the
instrument, each created from more than 106 individual 100 ns pulses produced by
the PMT detection train. The control light source is an attenuated He-Ne laser
emitting 632.8nm photons. The synthetic chopped PMT waveforms were generated
independently using a 1 m and a 159 m delay loop with dnobject/dt about 1.4× 104s−1
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Figure 2. Photon velocity analysis for terrestrial light. Narrow line 1 m delay loop;
thick line 159m delay loop; points PMT dark signal. The inset graph shows the
chopped IR signal. The gray vertical line in both plots indicates the trigger position
for the reference timing signal.
and 6 × 103s−1 respectively. The differing count rates reflect the approximately 3dB
attenuation of the longer delay fiber. The unchopped synthetic PMT dark-count
waveform has dndark/dt of about 20s
−1, and was created from only about 2×105 pulses.
The time difference between the two chopped PMT waveforms represents the
photon travel time, and is determined by fitting one waveform to the other with a
non-linear least-squares algorithm including only data within the full-width at half
maximum around the peak of each waveform. This strategy reduced the need for concern
about periodic boundary conditions that are observable in the data, and minimized the
impact of differences in the (dnobject/dt)/(dndark/dt) ratios. Since terrestrially produced
photons are a primary standard for light speed, their travel time was used to calibrate
the instrument, obviating the need to physically measure either the length of a long,
fragile fiber or its refractive index, which is wavelength dependent. Instead, from
the measured photon transit time, we empirically obtained the product of the fiber
length and refractive index (which independently agree with the nominal values for our
fiber) to an accuracy of slightly better than 0.5%; this is the limiting precision for our
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Figure 3. Photon velocity analysis for astronomical light sources using a long (159
m) delay. The synthetic chopped PMT waveforms were normalized using averaged
minimum and maximum values within the period and have been vertically offset for
clarity. The smooth curves superimposed on the HB89 1634+706 data are fits at the
95% confidence limits. The horizontal lines were added to guide the eye and highlight
the difference between a PMT dark signal and dark sky light.
instrument in its current embodiment. The data in Figure 3 are the synthetic chopped
PMT waveforms for the astronomical light sources listed in Table 1 using the long
(159 m) delay. Each dataset was created from at least 5 × 105 individual pulses and
was normalized using the minimum and maximum values for each waveform, ignoring
data that were part of, or within several PMT pulse widths of, the flat minima on
the extremes. In the plot, the curves have been vertically offset for clarity. The large
differences observable in the waveform noise for the various targets reflects the reduction
in (dnobject/dt)/(dndark/dt) as the sources get dimmer. It was noteworthy that we could
observe a slightly modulated PMT signal even from the dark sky (estimated magnitude
22-24) despite the fact that the count rate was scarcely above that of the PMT dark.
Of course, the quality of that dataset was inadequate to perform a meaningful fit, and
the relatively few photon events were most likely due to photons of terrestrial or solar
origin in any case.
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Figure 4. The redshift dependence of the measured photon velocity. The vertical
error bars represent the 95% confidence limits for each value. The dashed line is the
accepted value for c in vacuum.
There was little qualitative difference between the observed photon velocities of any
of the astronomical sources. Quantitative velocities, shown in Figure 4, were obtained
by fitting to the waveform from terrestrial light, analogous to the analysis carried out for
calibration. Photon velocities for all objects fall within the range of 3.00±0.04×108ms−1,
which is similar to the standard regression error for this data set of ±0.03, though
about twice the limiting experimental precision. The displayed 95% confidence limits
were empirically determined from the measured data sets using the χ2 statistic with
one degree of freedom. Within our experimental uncertainty, we observed no redshift
dependence for the measured photon velocities up to z ≤ 1.33.
4. Conclusion
The observed invariance of measured lightspeed from extragalactic sources is exactly
what one would expect in a universe dominated by General Relativity, thus providing
an unequivocal validation of Einsteins theory of General Relativity. It also suggests that
the velocity of photons has been constant, thus constraining the evolution of at least
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one fundamental constant (c) over a great portion of cosmological time.
The measurement also places some constraints on the cosmologies that could apply
to our universe. In particular, if the universe were to have a de Sitter geometry,
the redshift invariance of measured lightspeed reported herein is only consistent with
the hyperbolic anti-de Sitter metric equation Equation (2), not the pseudo-Euclidean
form considered elsewhere [24]. The negative curvature of anti-de Sitter space may
be consistent with observed phenomena associated with dark matter, such as galactic
rotation curves. Unfortunately, these photon velocity measurements will be inadequate
to further distinguish between hyperbolic de Sitter or other various solutions of GR
since one can always obtain a coordinate transformation in any given solution for which
the speed of light is constant.
While our current measurements lack sufficient precision and look back time to
confirm or refute the evolution in physical law suggested by recent observations of
proton/electron mass ratio [12] they do place significant constraints on many of the
variable speed of light theories that have been proposed. The observed redshift-
lightspeed invariance virtually eliminates models wherein any lightspeed variation is
large, including the power-law light speed variation associated with certain brane world
model parameters [28]. Models where there are drastic changes in lightspeed associated
with matter-radiation decoupling or sudden changes associated with other brane world
assumptions are not addressed by these observations. Testing these models would
require extending these measurements to still-higher redshift, generally dimmer sources,
as well as increasing the precision of the current method.
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